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Tallkes accelerator chain (outline)




#hadroncollider, #Higqsboson

o Spend $4.4-billion building a 27-
kilometer underground tunnel that
provides work for about 10,000
scientists and engineers.

o Then send protons whizzing around the tunnel
at about the speed of light until they crash into
each other.
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Hadron(Greelk: hadrds, “'sl’:cy
Ehick”): is a compc%kiate
made of quarks held together by

the skrong force.

o It is abt this point -where wan has
created conditions similar to those
at the birth of the universe- that a
glimpse of the Higgs boson may be
seen. But you have to be quick
because the Higgs boson decays
almost instantly after it interacts
with other particles




#particledetector, #calorimeter
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Fig. 1.1. End-view cross-section of g T
the ATLAS detector kil
o A is a block of wmatter in which the particle
Metal Slabs
that is to be measured interacks and tks
in the form of a of increasingly lower-energy
Pom&éctes.

o This block is made tn such a way that a certain fraction

of the inikial particle energy is transformed into a Shower of Particles

measurable (Light, electrical charge). SO‘MFL"‘MS calorimeter
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95% CL limit on G/GSM
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Hadronic & £#M calorimeter
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the ATLAS detector

EEM

]

Hadrownic
cascade

e—
et

Fko&ohs

Prc&ov\s
neubtrowns
anti- pro&oms
Piov\s

lkaowns

nuoins

M proces

s

=y

Q @ © © © o o o

Coulomb scattering
Bhabha scattering
Moller scattering
Comp&om scattering
Bremsstrahlung
Annihilation

Pair creation
Cerenkov radiakion
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...everjfzhiv\g else
deca-js very
qu.ick'tj inko
these par&ictes
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BGO calorimeter, physics list FTFPBERT
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Relative energy
resolution (%):
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*Nucleown: pro&om or neubron

Low—enargtj nucleonic

) (disintegration-product
neutrons degenerate to
“slow” neutrons)
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Particle cascades
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= high energy
Nucleonic* Riicleon: 3
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Mesonic* ;
= whuclear §
" U COMF‘OMQM& disintegration
Edu S
COMPOV\_QM& **xMeson: hadron composed of
one gquark and one antiguark

(pions, kaons).



Scaling variables

Related to the distance over which a high

Radiation _ energy (> 1GeV) electron or position
length loses, on average, 63.2% of its energy to
bremsstrahlung (Y10 em).
Related to the average distance a high
Nuclear

energy hadron has bko Eravel inside a
interaction =

medium before a nuclear interaction
length

OCCUrs.,
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These processes delermine not Demsity Radiation Ml or A
only the energetic resolution, Material L9/ length  interaction  Z L9/
but also the size of the shower em3] [em] length [em] mole]
and therefore calorimeter Scimbilbabe
volume needed to contain (CoH10) Lipee fiice 46.5° e
such showers,
re 7874 1767 1677 26 56.¥5
Since the E&M shower W 1925 @ o0.354 9946 74 | 1%3.54
devetapmem& is primarily
determined by the electron b LA She 02088 Lhvd G s

d&hsiﬁv i the medium, it is to

some extent possible to describe

the shower characteristics in a
makerial ni,ndepenci@\& way.

More volume s

needed ko conkain a

hadronic shower !



Motivation for a next qeneration of calorimeters
o so..its a complicated story

Decaysof ¢ .. del Higgs boson

o A better understanding of the physics

e involved in shower development (more

charm/anti-charm spec&fﬁm&iw hadronic cascades) is
3%

27 ‘raqu,i,red.

bottom/
3%

anti-bottom

>7% hotons, e . . .
el 5 Fubure lepton collider will require

0.2% each
improved precision of all detector systems.

o A benchmark of this new
type of calorimeter is the
requirement to be able to
distinguish W and Z

. | vector bosons in their
© ey e : hadronic decay mode.

Two- Je& variant mass distribution from UA2 expemmeh&
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‘T’ms requires a dc,-- Je_E nass rescpm&uom be&&er Ekav\ Eke ma&urat m;d&k of Ekese boscw\s cw\df
fhence a jet enerqy resolution better than 3%.. for hadron calorimelry this implies an enerqyt
i resolution of a factor of 2 better thain previously achieved by any large-scale experiment!



The actual worlk
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Calorimeter
sinmulabion sktudies



Simulation framework: CaT$ (Calorimeter and |
| Tracker Simulation) (Hans Wenzel, Peter Hansen) |

i Simulation: procemm s
{ Ahalysis: |

%Geah&é—, A Powerfu.t Eoot " ]
i ROOT

:Eo describe how par&iai&s

' interact with matter.

Facilitates the description of the detector
geometry bj using an input file ln xml format g
which contains relevant optical properties 5

(refraction index, absorption length, etc..).

Provides the possibility of writing the simulated

events, an analysis framework and the capability

of filling histograms in various user actions.

Allows for total volume (general) studies as well

as for a detailed study of single calorimeter cells, S :
Simplifies working with Geant4!
and for the modification of the detector settings

without having to recompile.
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Cownkribution ko sigma& bv par&d@.

% contribution to E
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o Electrons and positrons are important for signal but their interactions are
well-understood.,

o Protons are important for signal! |

o Neubrowns will also contribute to signal f we wait long enough for them to be §
captured! ;



Spectra_ot created neutrons & protowns

Spectra of created protons
Spectra of created neutrons Neutron inelastic

; 2 % - inelastic
Neutron inelastic

. % + inelastic
n - inelastic r Proton inelastic

%t + inelastic
Proton inelastic
hBertini capture at rest
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o Soft (Lzm; kinetic ehergj) pro&oms & neutrons are WLl e learin
create neuktrons (mostly)., -» Important tor :
; . J s ( Y P f i from bthese plots?
signal generation!
| o Leading particle effect -> More neutrons & R
protons are creakted in pi- nelastic processes thaik s e s pi- ,
| Eke.v are i pir inelastic processes. | PbF2 crystal
o Two components in spectra of created protons -} F e
| 1000 evis, ¢
Nuclear spallation process. FTEP_BERT phystcs List |
; o In general neutrons are easier than protons to Geant4 version 9.6p2 3

rcduae -» Coulomb barrier. 13



S

i Nuclear spallation reactions |

Two sEep process:

spallation
@ IM%V&“MMﬁLE&T‘ CQS{ZC\dﬁt intranuclear internudear

incoming hadrons makes

quasi-free collisions with [N,

pettices g
nucleons inside the skrucke =
eled:onvclt

nucleus.

© Ev&pora&iom or de-

. % highly excited .
excitaktion: most C){ Ehe huclats eyaporatior

particles involved are free

V\MﬁiQOV\S O\Md E«% SOES on Most Lil.«:'atvj process to occcur when an

ihcoming high-enerqgy hadron strikes

unkil excibakion enerqgy LS

an atomic nucleus'

less than binding energy v



@ In the fast cascade stage,
pro&cv\s and wneubrons are emibtbted
i the ratio it which Ehej are

present in the target nucleus.

e

P b208 for every cascade Fro?zc«m,”l.a

82

cascade neukrons

e Height of Coulomb barrier (~12

MeV in Pb) is given by:

r = Pb atomic radius (¥ 0,178 hm)

e = proton charge

21 = Pb aktomic number (¥2)

par&ida

22 = atomic number of incident
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Neutron/Proton spectra in Pb
Height of Coulomb barrier in Pb
Neutron spectra in Pb

Proton spectra in Pb




o Ionize

medium,

P Suppression?

Protons contributing

to sighal.

Where do
Fm&ams and
neutrons qo?

Esaapez calorimeber volume,

nKiller(in Geant4) above 10

micro-seconds or below
Ehreshold.,

Neutrons Inelastic scattering -=> Low
': momentum hadromns, protons,

Thermalizabion =» neubron

capture -> gamma -> edm

shower ‘
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Empirical formula for the Light yield
per path length as o function of the
energy Lloss per path length for a

particle traversing a scintillator.

H@.avitj tonizing par&ities Prociu.ce

less Light.

) : Values used b»j
C,= [.29% I()-"‘g"('lll-”'M(,’ V-I ATLAS TileCal

c,=9.59x10°¢*-cm™-Me V- V- R LR eV A8

S=1 (also default in
Geant3)
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where; Edep -2 enerqy deposited in the entire

calorimeter volume.,

Eobs—> observed energy after applying

Birks su,ppressi,on
S > scintillotion effictency (1)
cl, €2 -» Birks constants

dL/dx -> Light ou&pu&



Contribution to signal by particle: before
and ofter saturation effects.
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Summary

‘kasms behind hadronic shower devei.opmeh& is ok j@.&
understood completely, further study on the processes and
par&ici&s volved is required.

New and more prease nstruments Lilkke i this case high
Preaision hadronic tatorimeErj open Ehe Fw&h to new
discoveries.

Simulation is a great tool ko understand all processes and
particles that contribute to the signal in a hadronic calorimeter.

Overall, knowledge about particles and processes that play an
imPorEamE role in sighal generation will allow us to op&miz.e
debector resolution,
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